Therapy resistance represents a major clinical challenge in disseminated prostate cancer for which only palliative treatment is available.
Introduction
Prostatic adenocarcinoma is the second leading cause of cancer death in the United States (1) , and successful treatment of this disease is hindered by an inability to durably control androgen signaling. Disseminated prostate tumors are dependent on androgen for growth (2) . Therefore, androgen deprivation therapy is the first line of intervention for such patients, as achieved via depletion of androgen synthesis and/or through the use of androgen receptor (AR) antagonists (3) (4) (5) . These regimens are initially effective, as the majority of patients (>80%) incur remission (2) . However, tumor remission is transient, as most patients relapse and develop therapy-resistant, androgenindependent cancer, in which the AR has been inappropriately reactivated (6) . At present, there is no effective treatment for therapy-resistant prostate cancer; however, it is clear that AR reactivation is critical for the development of therapy-resistant tumors. As such, identifying the factors affecting androgen deprivation therapy efficacy is essential to improve the outcome of prostate cancer treatment and thereby increase patient survival.
AR is a member of the nuclear receptor superfamily of ligand-dependent transcription factors and has a major role in regulating function, growth, and differentiation of the prostate gland (7) . Before ligand binding, AR is held inactive in the cytoplasm bound to heat shock proteins. In the prostate, testosterone is converted to dihydrotestosterone (DHT), which is a potent AR agonist (8) . Binding of DHT to the receptor triggers dissociation of the inhibitory heat shock proteins and rapid translocation to the nucleus. Once in the nucleus, the complex binds to specific androgen-responsive elements (ARE) on target genes and, with the aid of coactivators, triggers target gene transcription (7, 9) . The expression of a direct AR target gene, prostate-specific antigen (PSA), is a commonly used clinical marker for prostate cancer progression. Serum PSA levels directly correlate with AR activity, and monitoring PSA levels is thought to provide a measure of tumor cell proliferation and disease progression (10) . Conversely, clinical depletion of androgen (e.g., via bilateral orchiectomy or gonadotropin-releasing hormone agonists; ref. 11) or the use of AR antagonists (e.g., Casodex; ref. 12, 13) results in a reduction of PSA expression (thus indicating efficient biochemical ablation of AR activity) and tumor cell cycle arrest or death. Resurgence of AR activity occurs through a myriad of pathways that restore AR signaling, PSA expression, and tumor cell proliferation, including (a) AR amplification, (b) overexpression of AR coactivators, (c) ligand-independent AR activation, (d) intratumoral androgen production, or (e) gain-offunction AR somatic mutations (6, (14) (15) (16) (17) (18) (19) . Studies indicate that gain-of-function mutations of AR are observed in 8% to 25% of recurrent tumors (14, 15) and are selected for during androgen ablation therapy. The ability of several such mutants to alter ligand specificity of the receptor promotes therapeutic resistance.
It was previously shown that low levels of a common environmental contaminant with endocrine-mimicking capabilities, bisphenol A (BPA), can negatively affect prostate cancer treatment in the presence of an AR mutant known to arise in tumor progression (AR-T877A; refs. 20, 21) . BPA mediated androgen-independent activation of selected tumor-derived AR mutants (21) , stimulated prostate cancer cell proliferation under conditions of androgen depletion (20) , promoted xenograft tumor growth, and shortened the time to biochemical recurrence (PSA induction) in xenograft models of human disease (22) . Because these findings showed that endocrine-disrupting compounds (EDC) can affect mutant AR activity, the present study endeavored to examine the effect of known EDCs on mutant AR activity and prostate cancer cell proliferation.
Here, we show that the known EDC 2,2-bis(4-chlorophenyl)-1,1-dichloroethylene (DDE), a stable metabolite of the pesticide 1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane (DDT), activates several tumor-derived, mutant ARs. In prostate cancer model systems expressing mutant AR, DDE induced AR recruitment to the regulatory region of the PSA target gene and increased expression of PSA mRNA. In the presence of mutant AR [but not wild-type AR (wtAR)], DDE induced androgen-independent cellular proliferation at low, environmentally relevant levels. These mitogenic effects of DDE proved to be mediated through both mutant AR and mitogenactivated protein kinase (MAPK) pathways. Combined, these data indicate that, for tumors harboring selected AR mutants, exposure to environmentally relevant levels of DDE could promote androgen-independent tumor cell proliferation. These data highlight the necessity to consider environmental agents for their ability to cause therapeutic bypass through inappropriate activation of AR while designing the second-generation therapeutics for prostate cancer.
Results
The Pesticide DDE Facilitates Transcriptional Activation of Selected Tumor-Derived AR Mutants
It has been shown that the EDC BPA is able to activate the tumor-derived AR mutant AR-T877A, resulting in ligandindependent receptor activation as measured by induction of AR target gene transcription, AR-T877A -dependent cellular proliferation, and reduced efficacy of androgen ablation therapy (20) (21) (22) . Given the effect of this EDC on mutant AR activity, cellular proliferation, and resultant therapeutic outcome, a more comprehensive screen was used to identify whether mutant ARs are receptive to other EDCs. For these studies, a wellcharacterized yeast colorimetric screen was used for the detection of AR activity (23), wherein individual strains carrying an AR allele can be assessed for AR activity. Modulation of AR transcriptional potential on exposure to test compounds was assessed using the colorimetric score of yeast colonies (Table 1) . Strains were assessed for each compound in parallel and controls included one inactive mutant originally isolated from a patient with complete androgen insensitivity syndrome (C784Y) and a constitutively active mutant (K580R) isolated from a prostate cancer specimen. Four additional mutants (AR-T877A, AR-H874Y, AR-L701H, and AR-V715M) carrying mutations thought to alter ligand specificity were also assessed (24) (25) (26) (27) . Moreover, these tumor-derived mutants were previously used and characterized for their responsiveness to noncanonical steroidal compounds such as 17-h-estradiol and progesterone (23, 28, 29) . For each AR variant, ethanol was used as the negative (vehicle) control for 
NOTE: Yeast strains containing the ARE -driven ADE2 reporter gene and expressing individual AR mutants were cultured on selective medium plates as described in Materials and Methods supplemented with either vehicle (0.1% ethanol), 10
À5 mol/L DDE, or 10 À5 mol/L DDT. AR-mediated transactivational activity was scored based on the color of yeast colonies: white, complete activation of AR; pink, weak AR activation; red, no AR activation. Experiments were done in three biological replicates with representative images shown in bottom panel.
AR activity, and DHT served as the positive control. No activation of AR-C784Y was observed on either treatment, as expected. By contrast, enhanced DHT-mediated activity was observed with wtAR as well as with the tumor-derived mutants AR-K580R, AR-T877A, AR-H874Y, AR-L701H, and AR-V715M. Thus, consistent with previous studies (23) , this screen provides efficient assessment of mutant AR activity and was subsequently used to examine the effect of several EDCs on mutant AR function.
Based on epidemiologic studies, one explanation for the variation in the geographic incidence of prostate cancer has been attributed to differences in consumption of phytoestrogens (30) . Specifically, men consuming diets rich in soy products (such as those from Asian countries) have a reduced prostate cancer -related death rate compared with men from Western countries (31, 32) . Moreover, an effect of select phytoestrogens on prostate cancer development, cellular proliferation, and PSA secretion is also reported (33) (34) (35) . Given the recent attention toward phytoestrogens as possible dietary supplements for chemoprevention and chemotherapeutic means of controlling prostate cancer (36, 37) , the phytoestrogens, resveratrol and coumestrol, and known estrogenic EDCs were screened for their ability to activate AR variants. Given the dose-dependent response of prostate cells (21) , cells were treated with increasing concentrations (10 À10 to 10 À5 mol/L). Although other phytoestrogens have been shown to bind wtAR (38) , neither resveratrol nor coumestrol activated the negative control AR, showed altered K580R transactivation potential, or induced mutant AR function (Table 1 ; data not shown). Thus, these two phytoestrogens do not show enhanced agonist function with tumor-derived AR. AR mutants were also examined for their responsiveness to cadmium, as this metal has been implicated in increased risk for prostate cancer development and reported to activate AR in prostate cancer cells (39) (40) (41) . Cadmium did not activate AR-C784Y, did not alter the activity of K580R, and, surprisingly, had no effects on wtAR or tumor-derived AR. These data indicate that resveratrol, coumestrol, and cadmium are not efficient for AR activation in yeast-based assays.
Lastly, the pesticide DDT and its stable metabolite DDE were examined for their effect on AR activity. There is strong epidemiologic data suggesting that long-term exposure to specific organochlorines (such as DDT/DDE) may contribute to increased risk of prostate cancer development (42) (43) (44) (45) (46) . As expected, these agents had no effect on AR-C784Y activity; however, similar to DHT, they modestly enhanced AR-K580R activity. DDT and DDE also facilitated moderate activation of wtAR. This finding may be consistent with the previous observation that DDE can bind to wtAR with an IC 50 of 1.53 Â 10 À5 mol/L (38, 47) . The other tumor-derived mutant ARs also showed increased transactivational potential in the presence of DDT and DDE. Specifically, AR-L701H and AR-T877A were moderately activated by DDE and DDT, whereas AR-V715M and AR-H874Y were markedly sensitive to activation by DDT and DDE, as shown by white colony formation. These data reveal that, in yeast, the pesticide DDT and its stable metabolite DDE are able to enhance the transactivation function of wtAR and of several tumor-derived AR mutants.
Tumor-Derived AR Mutants Are More Susceptible to DDE-Mediated Activation in a Mammalian System Although the yeast system supported DDE-mediated activation of mutant receptors, it was necessary to analyze the effects of DDE in a mammalian system. To avoid any discrepancy in data interpretation due to differing genetic backgrounds, reporter assays were carried out in CV1 cells (nontransformed, spontaneously immortalized epithelial cells that are refractory to androgen signaling). CV1 cells were transfected with either wtAR or AR mutants in the absence of androgen and receptor activity was monitored using the ARR2 (probasin) promoter after treatment with DHT, DDE, or vehicle control (ethanol). Two well-characterized AR mutants (AR-T877A and AR-H874Y) were chosen for this study, as these AR mutants are available for further analysis in prostate cancer models. Relative reporter activity was calculated for each AR construct after normalization to the internal transfection control (h-galactosidase; Fig. 1 ). Activity in the positive control (DHT) was set to 100 for each individual receptor variant representing maximal activation capacity under conditions of androgen induction. With wtAR, there was no significant induction in luciferase activity after DDE treatment. By contrast, DDE FIGURE 1. DDE induces mutant AR transcriptional activity in CV1 cells. CV1 cells were transfected in the absence of androgen with plasmids encoding wtAR or mutant AR (T877A or H874Y), ARR2-luciferase reporter, along with cytomegalovirus-h-galactosidase as an internal transfection control. After transfection, the cells were treated with either ethanol (EtOH ), DHT, or DDE for 24 h. Cells were harvested using trypsin, lysed using reporter lysis buffer, and analyzed for luciferase activity. The luciferase/h-galactosidase ratio for endogenous ligand DHT was set to 100. Experiments were done with at least three independent replicates. *, P < 0.05.
induced a modest but significant increase in AR-T877A and AR-H874Y activity over basal activity (9.9% and 36.5%, respectively). Similar to the results from yeast assays, these data indicate that DDE can activate mutant AR in a mammalian system; however, the extent of activation is mutation dependent.
DDE Effects on Mutant AR Activity in Prostate Cancer
Cells Are Dose Dependent and Molecular Context Specific Our previous studies indicate that inappropriate activation of mutant AR by the environmental BPA can affect the expression of AR target genes in prostate cancer cells (20) (21) (22) . Additionally, it is well established that the cellspecific coregulatory milieu can dramatically alter the effect of ligand-mediated mutant AR activation (48, 49) . Due to the paucity of prostate model cells that express mutant ARs, the effect of DDE in prostate cancer cell lines could be elucidated for only two mutant ARs (AR-T877A and AR-H874Y) along with the wtAR. To examine endogenous receptors, 22Rv1 cells (expressing AR-H874Y), LNCaP cells (expressing AR-T877A), and LAPC4 cells (harboring wtAR) were analyzed for endogenous AR activation, as monitored by quantitative reverse transcription-PCR analysis of endogenous PSA transcript levels after DDE exposure. Cells were cultured in androgen-depleted medium for 24 h and then treated for 24 h with ethanol (vehicle), DHT, or DDE. Considering the previous report indicating a biphasic response of prostate cancer cells to BPA (21), a range of DDE concentrations (10
À11

, 10
À8 , and 10 À5 mol/L) was used ( Fig. 2) . These concentrations are comparable with DDT/ DDE concentrations observed in human serum samples in several studies (50) (51) (52) (53) (54) . Treatment with 10 À8 and 10 À5 mol/L DDE concentrations induced PSA transcription in a dosedependent manner in 22Rv1 cells expressing endogenous AR-H874Y ( Fig. 2A) . Activation of AR reached a maximum (1.9-fold) in 22Rv1 cells at a DDE concentration of 10 À5 mol/L compared with vehicle control. In parallel studies, DHT induced PSA mRNA by 1.7-fold (data not shown). To determine if this finding was recapitulated in prostate cancer cells that express an endogenous AR-T877A, PSA mRNA regulation by DDE was examined in the LNCaP model system (Fig. 2B) . Therein, increased PSA expression was observed at a DDE concentration of 10 À8 mol/L (1.7-fold), whereas higher doses (10 À5 mol/L) induced cellular toxicity (data not shown). Although the response to these doses was not statistically significant, 10 À7 mol/L DDE generated maximal induction of PSA (1.9-fold), whereas 10 À6 mol/L DDE did not change PSA expression (data not shown). The positive control (DHT treatment) showed an 11-fold induction in PSA mRNA (data not shown). By contrast, no induction in PSA expression was observed for all concentrations of DDE in cells expressing wtAR (LAPC4; Fig. 2C ), whereas DHT induced a 5.8-fold increase in PSA expression (data not shown). These data indicate that DDE induces PSA transcription in human prostate cancer cells expressing somatic AR mutants (55); however, the extent of induction in transcriptional activation varies based on the specific AR mutation and cell context. PSA/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for the ethanol treatments was set to 1 for each cell line, and the effect of DDE on PSA/ GAPDH mRNA expression was set relative to the control. *, P < 0.05.
DDE Induces Mutant AR (AR-H874Y and AR-T877A) Recruitment to Target Gene Regulatory Regions
Previously published studies for another pesticide, 2,4-dichlorophenol, indicate that 2,4-dichlorophenol increases DHT-mediated AR activation by promoting nuclear translocation of the receptor (55) . We investigated if DDE alone is able to exert similar effects in LNCaP cells. LNCaP cells were processed to collect nuclear and cytoplasmic fractions and AR expression analysis was carried out by immunoblotting. DDE increased the nuclear translocation of AR (data not shown). These results, along with the PSA mRNA expression studies ( Fig. 2) , suggest the possibility that DDE can modulate the transcriptional activity of AR by supporting AR recruitment to the enhancer region of target genes. To challenge this idea directly, AR recruitment to the PSA locus on DDE treatment was monitored by chromatin immunoprecipitation (ChIP) in cells expressing AR-H874Y, AR-T877A, and wtAR. As expected (given the established androgen independence of the 22Rv1 cell line; refs. 56, 57), AR-H874Y was detected in these cells at the PSA enhancer region in the absence of ligand (Fig. 3A , top left, lane 2), and DHT treatment further enhanced AR-H874Y recruitment on this regulatory region (middle, lane 2). À8 mol/L DDE before ChIP. Either anti-AR or the nonspecific IgG antibody control was used for the immunoprecipitation (IP ) and primers specific to the regulatory regions within the PSA enhancer were used for the PCR. Shown here are the representative images (left ) and their respective quantitation using real-time PCR (right ). Each experiment was done thrice in duplicate. *, P < 0.05. consistent with the failure of DDE to induce transcriptional activity of wtAR (Fig. 2C) . Combined, these data indicate that DDE exposure induces recruitment of mutant AR but not wtAR to target gene regulatory regions in prostate cancer cells.
DDE Induces Proliferation in LNCaP (AR-T877A) Cells
Given the capacity of DDE to activate mutant AR, but not wtAR, the ability of DDE to induce cell cycle progression was analyzed in relevant model systems. First, cells were examined to analyze DDE-mediated effects on proliferation (Fig. 4) . Interestingly, 22Rv1 cells require mutant AR but not androgen for cell proliferation, as these cells have acquired an androgenindependent phenotype (56, 57) . Cell proliferation in the absence of steroids (ethanol) was set to 1. Due to the androgenindependent nature of this specific model system, DHT did not significantly increase the number of cells undergoing mitosis, as observed by bromodeoxyuridine (BrdUrd) incorporation assay (f1.3-fold over ethanol control). Similarly, DDE (10
À11
, 10
À8
, and 10 À5 mol/L) failed to alter the number of cells undergoing mitosis (Fig. 4A ). These data confirm the androgen independence of this model system, as cell proliferation is unchanged regardless of hormonal milieu. Furthermore, these data show that despite the ability of DDE to facilitate transactivation potential of AR-H874Y, DDE is unable to significantly enhance cell proliferation in 22Rv1 cells, similar to androgen. In contrast to 22Rv1 cells, LNCaP cells are dependent on ligand-induced AR-T877A activity for cellular proliferation (58, 59 ) and therefore represent therapy-sensitive prostate cancer. As expected, DHT elevated the number of proliferative LNCaP cells to f3-fold over ethanol control (P < 0.01; Fig. 4B ). Higher doses of DDE (10 À5 mol/L) did not increase
BrdUrd incorporation compared with ethanol control (0.6-fold); however, lower and environmentally more relevant doses of DDE (10 À11 and 10 À8 mol/L) facilitated a 2.1-and 1.8-fold increase in DNA synthesis, respectively (P < 0.05 for both). These observations are consistent with the established paradigm that hormone-dependent prostate cancer cells exhibit a biphasic response to androgens, wherein levels greater than 1 Â 10 À9 mol/L inhibit (rather than induce) cellular proliferation (20, 21, 59) . To verify that low-dose DDE-mediated mitotic activity can actually affect cell number, proliferation assays were done. LNCaP cells were treated as indicated (ethanol, DHT, or increasing concentrations of DDE) and analyzed using trypan blue exclusion. As seen in Fig. 4C , LNCaP cells treated with ethanol failed to undergo cell doubling throughout the time course examined, whereas DHT triggered the expected increase in cell number. Congruent with the BrdUrd data, lower doses of DDE were more effective in inducing proliferation compared with higher doses. Combined, these data indicate that low, environmentally relevant levels of DDE increase cell cycle progression and proliferation in androgen-dependent LNCaP cells (AR-T877A) but not in androgen-independent 22Rv1 (AR-H874Y) cells.
To analyze the effect of DDE on key proteins responsible for cell proliferation, expression studies for cell cycle proteins were carried out. Considering that a lower (and environmentally relevant) concentration of DDE imparts maximal response on AR activity (as measured by PSA expression; Fig. 2B , and 10 À5 mol/L) treatments failed to induce cell doubling throughout the time course examined. These data suggest that DDE-mediated proliferation is predominantly observed in cells that have acquired specific mutations in the AR ligand-binding domain.
DDE Activates Cell Signaling Proteins MAPK and Protein Kinase A in Prostate Cancer Cells
Recent evidence has shown that in select model systems, including prostate cancer cells, organochlorines are able to activate the MAPK pathway (61) . Additionally, AR activation through ligand-independent MAPK signaling cascades is an important mechanism in the development of hormoneindependent prostate cancers (62) . Therefore, the effect of DDE on the MAPK pathway under androgen-ablative conditions was examined. For these studies, LNCaP or LAPC4 cells were deprived of androgen for 24 h and subsequently treated with DHT (10 À10 mol/L), DDE (10 À11 mol/L), or vehicle control, and extracellular signal-regulated kinase (ERK) phosphorylation was monitored (Fig. 5) . Total ERK levels were not altered by treatment (ethanol, DHT, or DDE). In vehicle-treated LNCaP cells, minimal phosphorylated ERK (p-ERK) was observed (Fig. 5A, top, lanes 1 and 4) ; however, DHT (10 À10 mol/L) exposure increased ERK phosphorylation after 40 min (lane 2), as reported previously (63, 64) . DDE caused a similar induction of p-ERK at 40 and 120 min compared with vehicle (Fig. 5A ). In cells expressing wtAR (LAPC4), little alteration in ERK phosphorylation levels was observed on DDE exposure (Fig. 5B , top, lanes 3 and 6) compared with vehicle (ethanol)-treated controls (lanes 1 and  4) . These data show that MAPK activation can be induced by DDE exposure in cells expressing mutant AR. Recent studies indicate that cell signaling molecules can play a crucial role in progression of prostate cancer cells from an androgen-dependent to androgen-independent state (65, 66) . To verify the effect of DDE exposure on other cell signaling molecules, signal transduction downstream of G proteincoupled receptor pathways was analyzed. Vasodilator-stimulated phosphoprotein (VASP) is a well-characterized substrate of protein kinase A (PKA) that is required for the DHT-mediated activation of AR (65) . In LNCaP cells that express mutated AR, treatment with DHT and DDE induced PKA activation, as measured by VASP phosphorylation (Fig. 5C) . In LAPC4 cells, DDE but not DHT promoted PKA activation (Fig. 5C) ; however, these cells are not stimulated to proliferate by DDE. Thus, although rapid activation of signal transduction pathways can occur in response to DDE, induction of androgenindependent proliferation was associated with mutant AR expression and activation of the MAPK pathway. Combined, these data indicate that rapid activation of signal transduction pathways results from DDE exposure and that subsequent induction of androgen-independent proliferation is associated with mutant AR expression and activation of the MAPK pathway.
DDE Uses MAPK and Mutant AR Pathways for Induction of Cell Cycle Progression in LNCaP Cells
Because DDE exposure in AR-T877A -expressing cells resulted in both increased AR activity and MAPK activation, the relative effect of each pathway on the observed androgenindependent proliferation was assessed. For these experiments, LNCaP cells were seeded as described for Fig. 4B , and although not shown, analysis of BrdUrd incorporation rates showed that DHT induced proliferation by 3.4-fold compared with ethanol alone and DDE, 2.0-fold (similar to data in Fig. 4B ; data not shown). To assess the effect of MAPK and AR pathways on the proliferative response, either Casodex or U0126 was added to the culture medium before ligand. BrdUrd incorporation rates for each treatment alone were set to 100% so as to delineate the effect of each inhibitor on cell cycle progression under each condition (Fig. 6 ). In the absence of androgen, Casodex did not alter cell cycle progression, as likely attributed to the already low BrdUrd incorporation in these cells under conditions of ligand depletion. However, inhibition of MAPK/ERK kinase (MEK) via U0126 abolished basal BrdUrd incorporation in the presence of ethanol (5% compared with androgen depletion alone), thus indicating that MEK activity may be important for residual proliferation under conditions of low androgen. Coadministration of Casodex and U0126 offered little additional benefit. These data indicate that under conditions of androgen ablation, MEK inhibition may prove effective in promoting a cytostatic response. Under conditions of DHT-mediated proliferation, Casodex reduced BrdUrd incorporation by f60%. Interestingly, the MEK inhibitor also showed a similar level of BrdUrd decrease (70% compared with DHT alone, no statistical difference between singular treatments of Casodex and U0126; P > 0.05) and the combination of the two inhibitors (Casodex and U0126) resulted in BrdUrd incorporation in 9% of cells. Thus, DHT-mediated cellular proliferation seems to involve both AR and MAPK signaling.
In the presence of DDE, Casodex (1 Amol/L) modestly reduced DDE-mediated BrdUrd incorporation from 100% to 71% (Fig. 6 ). Increased concentrations of 5 Amol/L Casodex reduced BrdUrd incorporation even more efficiently (53.5%). These data show that AR-T877A activity is at least partially responsible for DDE-mediated cell cycle progression. Conversely, administration of the MEK inhibitor U0126 also suppressed DDE-mediated BrdUrd incorporation (5% BrdUrd incorporation). The combined effect of Casodex and U0126 was not statistically different from that of U0126 alone (P > 0.05). However, it is likely that MEK inhibition also impinges on AR, as MAPK has been shown to augment AR function, and the inhibitor U0126 has been shown to reduce AR transcriptional activity in a target gene -specific manner. 5 Together, these data show that DDE acts, in part, through the MAPK pathway to promote cell cycle progression and that a cross-talk between the AR and MAPK pathways contributes to the proliferative action of DDE. Research. 
Discussion
Somatic mutations of the AR play a significant role in the development of recurrent disease and prostate cancer progression. Our studies identify for the first time that the ubiquitously present pesticide derivative DDE activates select mutant ARs frequently present in prostate cancer tumors (14) . In prostate cancer cells expressing AR-H874Y or AR-T877A, DDE exposure induced AR recruitment to target gene regulatory regions and resulted in androgen-independent activation of target genes, including PSA, indicating that DDE can impinge on clinical markers of disease progression. Proliferation was induced in cells expressing AR-T877A under conditions of androgen ablation on DDE exposure, and this event was attributed to MAPK and mutant AR signaling in response to DDE. Previous studies from our lab for BPA indicate that the in vitro analysis does reflect on the implications on tumor progression in vivo (22) . BPA exposure at physiologically relevant levels increased the growth of LNCaP xenografts under androgen-ablative status, which mimics the direct correlation between the EDC exposure and tumor progression in prostate cancer patients (22) . In cells carrying the AR-H874Y mutation, although DDE-mediated AR activation was present, no additional mitogenic effect was observed, as these cells have already achieved androgen independence. Cells expressing wtAR were protected from DDE-mediated AR activation and proliferative response. Thus, these data show that environmentally relevant exposure to DDE can subvert androgen requirement and induce cellular proliferation in tumor cells with selected somatic mutations of AR.
Extensive use of the pesticide DDT in the 1960s and 1970s has rendered water sources and soil contaminated with DDT degradation product, DDE. DDT was banned in the United States in 1972, but it is still used for the control of malaria in many parts of the world. DDE, the stable breakdown product of DDT, is of particular interest due to its persistence in the environment and continued detection in human tissues (67) (68) (69) . Moreover, lipid-soluble DDE penetrates the food chain and gets stored in the adipose tissues of poultry and farm animals, ultimately affecting the consumers. Additionally, there is a plethora of epidemiologic evidence linking DDT/DDE and other chlorinated pesticides with defects on male reproductive organs and fertility in both wildlife and human populations (68) . Consistent with being characterized as a carcinogen, tissue levels of DDT and DDE are higher in cancer victims compared with patients suffering from other diseases (70) . Global analysis shows that detectable amounts of DDE are present in 50% to 99% of human population (71) . Therefore, exposure to DDE in prostate cancer patients is likely of concern, and our study is the first to address how DDE may adversely affect prostate cancer therapy and progression.
The effect of higher concentrations (5-50 Amol/L) of DDE on AR has been previously examined in the presence or absence of AR-ligand (R1881; ref. 47) . In the present study, we found that the most pronounced effects of DDE on mutant AR activation occur at low nanomolar ranges. These concentrations fall within the known human exposure range for these compounds (between 6.6 and 19.36 Ag/L in plasma samples; ref. 67 ). It is not without precedent for low doses of ligand to bind and activate steroid nuclear receptors (20, 21).
Additionally, it is possible that low concentration of DDE is able to induce the proliferative effects in LNCaP cells through estrogen production. Specifically, DDE has been found to increase aromatase activity in endometrial stromal cells in culture, resulting in locally higher estrogen levels (72) . As LNCaP cells express an estrogen-responsive AR (AR-T877A), this increase in local estrogen may drive AR activity and ARdependent proliferation. Aromatase expression is regulated through several different promoter regions in a tissue-specific manner (73), so it is yet to be determined if and how DDE may regulate aromatase activity in LNCaP cells.
Given the results from disparate experiments comparing DDE-mediated AR activity in the yeast reporter system and effects on AR-dependent target gene transcription (in prostate cancer cells harboring AR-H874Y and AR-T877A), and DDEfacilitated proliferation especially in androgen-dependent cells expressing AR-T877A, it is important to further investigate the subtle factors responsible for facilitating DDE action. The underlying mechanisms responsible for DDE-mediated mutant AR activation and proliferation should be explored for coregulatory molecule usage to unravel target gene profile differences. The ability of DDE to bind to wtAR has been well documented (47) . Most recently, it has been shown that DDE binds to recombinant rat wtAR with an IC 50 of 1.53 Â 10 À5 mol/L (38) . Interestingly, the chloride moieties present on DDE are proposed to be the key contributing factors responsible for binding to AR (38) . DDE has also been shown to exert a dose-dependent competitive inhibition of DHT in competitive AR-binding assays (47) . Therefore, our finding that DDE was able to activate wtAR in yeast is not surprising, but it has been reported that under specific conditions, DDE can serve as an antagonist with wtAR (47, 74) . The role of coregulators in this process may be of importance, as different ligands impart different conformations to AR, invariably changing the accessibility and requirements of coregulators of AR (75, 76) . Indeed, it is likely that mutant ARs require a specific set of cofactors to exert DDE-induced transcriptional response. Future studies will be directed at discerning how mutant AR becomes sensitized to DDE action.
The data herein also show that a component of DDE activity occurs through rapid induction of signal transduction pathways. DDE activated PKA in both LNCaP and LAPC4 cells, indicating that it may promote similar effects to those reported for DHT (76) . It is imperative to delineate the consequence of DDE on G protein signaling, considering that G proteincoupled receptor signaling is influencial on prostate cancer development and progression (77) . However, the G proteincoupled receptor signaling event tracked by VASP phosphorylation was not sufficient to induce androgen-independent cellular proliferation in response to DDE, thereby indicating that additional mechanisms must exist to override androgen dependence.
DDE-mediated proliferation in prostate cancer cells was attenuated by inhibition of AR function, thus validating the importance of mutant AR in DDE response. Interestingly, both DHT-and DDE-mediated cellular proliferation were abrogated by inhibition of MAPK signaling, thus indicating that the MAPK pathway contributes to the mitogenic action of AR agonists. However, it should be noted that there is increasing evidence of cross-talk between the AR and MAPK pathways, wherein MAPK can contribute under specific conditions to AR activity. 6 These data pose an interesting paradigm, wherein DDE-mediated prostate cancer proliferation may occur through AR ligand binding and AR transactivation and/or through phosphorylation cascades involving MAPK signaling pathways that impinge on AR. It is reported that MAPKmediated AR phosphorylation at either serine or threonine residues promotes activation and alters subsequent nuclear localization of AR (78, 79) . In addition, activation of growth factor signaling pathways (e.g., HER2 kinase and interleukin-6) regulates AR function and hormone-independent growth (66, 80) , although the mechanisms through which kinase signals modulate AR function in these model systems are still unknown. Ultimately, MAPK signaling pathways play important roles in prostate cancer disease progression (62) . Because this study identified MAPK activation as an important component of DDE-induced proliferation, it is imperative to identify the means by which MAPK influences therapeutic response.
In summary, the present study shows that a prevalent environmental contaminant, DDE, may subvert the androgen dependence of specific prostate cancers through activation of mutant AR and MAPK pathways. The mitogenic actions of DDE were observed at low doses consistent with DDE exposure levels and raise concerns about the effect of this agent on prostate cancer management. As tumor-derived mutations of AR were shown to be sensitized to DDE action, the findings herein also underscore the importance of dissecting the differential responses of mutant AR to endocrine mimics during prostate cancer progression.
Materials and Methods
Reagents
DHT, DDT, DDE, resveratrol, coumestrol, and cadmium were obtained from Sigma-Aldrich. All reagents were solubilized in ethanol and stored at À20jC. Casodex (bicalutamide) was a generous gift from AstraZeneca Pharmaceuticals and was solubilized in DMSO to 10 À2 mol/L and stored at À20jC. The MEK inhibitor U0126 from Promega was used as per the manufacturer's protocol.
Cell Culture and Treatments
LNCaP cells were obtained from the American Type Culture Collection, used between passage 28 and 40, and maintained in IMEM (Cellgro, Mediatech) containing 5% heat-inactivated fetal bovine serum (Biofluids). The 22Rv1 cell line was the gift of Dr. J. Jacobberger (Case Western Reserve University, Cleveland, OH) and CV1 cells were obtained from the American Type Culture Collection. 22Rv1 and CV1 cells were maintained in DMEM containing 10% heat-inactivated fetal bovine serum. LAPC4 cells were a gift from Dr. C. Sawyers (Memorial Sloan-Kettering Cancer Center, New York, NY) and were maintained in Iscove's modified Dulbecco's medium (Cellgro, Mediatech) containing 10% heat-inactivated fetal bovine serum. Media for all cell types were supplemented with 100 units/mL penicillin-streptomycin and 2 mmol/L L-glutamine (Mediatech). Cells were cultured at 37jC in a 5% CO 2 humidified incubator. For culture in steroid-free conditions, cells were seeded in phenol red -free IMEM (LNCaP), DMEM (22Rv1 and CV1), or Iscove's modified Dulbecco's medium (LAPC4) containing charcoal dextran -treated fetal bovine serum (CDT; Hyclone Laboratories).
Plasmids
Expression plasmid encoding wtAR (pSG5-AR) was a gift of Dr. C. Chang (University of Rochester, Rochester, NY). The AR-T877A -encoding plasmid was a gift of Dr. D. Feldman (Stanford University, Stanford, CA). The AR-H874Y construct was a gift from Dr. S. Balk (Harvard Medical School, Boston, MA). The probasin reporter plasmid ARR2-luciferase was previously described (81) . The construct encoding the internal transfection control h-galactosidase was a gift of Dr. J.Y.J. Wang (University of California at San Diego, San Diego, CA). The pcDNA3.1 was purchased from Invitrogen.
Colorimetric Yeast Screen for AR Activity yA(G)RE yeast strains (ade2 deficient) containing an integrated wt ADE2 sequence as a reporter gene under the control of an ARE-promoter (genotype MATade2-1 leu2-3, 112trp1-1his3-11, 15can1-100ura3-1 URA3 3xARE::pCY-C1::ADE2) were transformed to express distinct functional AR alleles and were the generous gift of Dr. Ralph W. de Vere White (Department of Urology, University of California at Davis School of Medicine, Sacramento, CA) and were maintained and grown as previously described (21) . Single yeast colonies were grown for 3 d at 30jC in 3 mL minimal selective medium (Difco yeast nitrogen base without amino acids; Becton Dickinson) containing 0.5% adenine, 1% histidine, and 1% leucine and supplemented with arginine, valine, phenylalanine, aspartic acid, isoleucine, serine, methionine, threonine, and glutamic acid. Yeast culture in log phase of growth was diluted 1:2 into sterile PBS and 3 AL were inoculated onto selection plates containing the indicated concentrations of test compound (either 10
À5 mol/L DDT, or 10 À5 mol/L DDE) and cultured at 35jC for 3 d. Failure of AR to transactivate ADE2 results in the formation of red colonies due to the accumulation of an intermediate red pigment in the adenine biosynthesis pathway. On AR activation by ligand and ADE2 activation, adenine biosynthesis is initiated and the red pigment is enzymatically reduced, resulting in the formation of white or pink yeast colonies, and the intensity of the color correlates directly to the extent of AR activation (23) .
Reporter Assays
CV1 cells were seeded 24 h before transfection in 10% CDT containing phenol red -free DMEM medium. Transfections were carried out using N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid buffered saline/calcium phosphate method. Cells were cotransfected with plasmids expressing the AR (wtAR or AR-T877A or AR-H874Y; 1.0 Ag), the ARR2-luciferase reporter construct (1.0 Ag), and cytomegalovirus-hgalactosidase (0.25 Ag). Empty vector (pcDNA3.1) was used to bring the total amount of DNA per transfection to 4 Ag/well in six-well plates. After transfection, cells were washed four times with PBS to remove the precipitate. The following treatments were then added in fresh medium: 10 nmol/L DHT, 10 Amol/L DDE, or 0.1% ethanol vehicle. After 24 h of treatment, cells were harvested using trypsin and stored at À20jC until further analysis. Reporter lysis buffer from Promega was used to lyse the cells and 20 AL of lysate were used for the analysis of luciferase activity (Promega), with 75 AL of luciferase reagent, as described in the manufacturer's protocol. One microliter of the same lysates was also used to analyze h-galactosidase activity using the Galacto-Star System (Applied Biosystems).
Quantitative Reverse Transcription-PCR
Cells were seeded onto 6-cm plates in appropriate CDT medium at approximately 4 to 5 Â 10 5 cells per plate. After 24 h, ethanol was added as the vehicle control, DHT (the canonical AR ligand) was added as a positive control, and DDE was added for 24 h. Trizol reagent (Invitrogen) was used to extract total RNA, of which 5 Ag were used to generate cDNA with random hexamers using the ThermoScript reverse transcription-PCR system (Invitrogen). Quantitative PCR was done following Applied Biosystems methodologies. Briefly, cDNA was diluted 1:6 with PCR-grade water and mixed with Taqman Fast Universal PCR Master Mix (2Â) No AmpErase UNG (Applied Biosystems) and primers from Applied Biosystems: glyceraldehyde-3-phosphate dehydrogenase (Hs. 00266705_g1) and PSA (Hs. 00426859_g1). The following cycle variables were used: 95jC for 20 s followed by 40 cycles of 95jC for 3 s with a 60jC ramp for 30 s. For quantitation of genomic DNA obtained from ChIP, Taqman Fast Universal PCR Master Mix was used. The sequences of the primer used for this reactions are the following: AREIII, TTATACTGGGA-CAACTTCCAAACC (forward) and TCTGTTTTCAATC-CAAGATCATGAA (reverse).
Chromatin Immunoprecipitation
LNCaP (4 Â 10 This solution was incubated at 65jC overnight. DNA was purified using the QIAquick PCR Purification kit (Qiagen). PCR amplification was done on DNA recovered from the immunoprecipitated samples as well as input chromatin samples. For PCR amplification, the PSA promoter was amplified with previously published primers (9): primer G, ACAGACCTACTCTGGAG-GAAC; primer H, AAGACAGCAACACCTTTTT. The PCR conditions used were the following: 94jC for 5 min followed by 35 (LNCaP), 39 (22Rv1), or 32 (LAPC4) cycles of 94jC for 30 s, 50jC for 30 s, and 72jC for 30 s. The PCR product is f200 bp and was visualized using ethidium bromide -stained 2% agarose gels. Quantification by real-time PCR was done as indicated in the previous section. The secondary antibodies used were goat anti-rabbit (Alexa Fluor 680 A21076, 1:10,000; Molecular Probes; to detect total ERK), donkey anti-goat (Alexa Fluor 680 A21084, 1:10,000; Molecular Probes; to detect lamin B), and goat anti-mouse (1:10,000; Rockland; to detect p-ERK) to visualize the antibody-antigen complex. For cell cycle protein expression analysis, LNCaP cells were treated for 24 h and blotted for target proteins. Antibodies used for the analysis were the following: cyclin A (H4320; Santa Cruz Biotechnology), cyclin E (HE-12; Santa Cruz Biotechnology), and cyclin D1 (Ab-3; NeoMarkers). For VASP expression analysis, LNCaP and LAPC4 cells were exposed to DDE treatments for 10 min and subsequently processed for immunoblot using phosphorylated VASP antibody. Isoproterenol is a ligand agonist for the Gs protein -coupled h-adrenergic receptor and was used as a positive control to measure activated cyclic AMP -dependent PKA. VASP protein serves as a PKA substrate, and VASP phosphorylation status was monitored as an indicator for PKA activation.
BrdUrd Incorporation Assay
LNCaP and 22Rv1 cells were seeded in six-well dishes (24) on poly-L-lysine -coated coverslips at a density of 2.5 Â 10 ) and LAPC4 (1 Â 10 5 ) cells were seeded in six-well plates into appropriate medium containing CDT serum. Approximately 24 h later, the indicated concentrations of either ethanol (0.3%, vehicle control), DHT, or DDE were added. Cells were cultured in the designated conditions for the indicated time points and fresh reagents were added every 48 h. After treatment, viable cells were counted using a hemacytometer and trypan blue exclusion.
Statistical Analysis
Quantitative results are expressed as average F SD. Statistical analyses were done using one-way ANOVA and Neuman-Keuls post-test. The criterion for statistical significance was P < 0.05.
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